Abstract: A novel combined-element frequency selective surface (FSS) is proposed for multi-band applications. In this design, complementary square loops and meandering slots are combined to construct the composite FSS. The proposed FSS provides three transmission poles and two transmission zeros, transmitting the desired signals at 8.5, 11 and 16 GHz while reflecting the unnecessary signals at 9.6 and 13.1 GHz. This FSS has the advantages of flexible and simple structure, easy processing and low profile compared with traditional multi-pole FSSs. The design strategy of the proposed FSS and the associated equivalent circuit model are provided to analyse the frequency characteristics. A prototype is fabricated and measured, showing a superior and stable frequency response in case of oblique incidence for both the transverse-electric (TE) and transverse-magnetic (TM) polarisations. Good agreement between the simulated and measured results is observed. Finally, the higher-order FSS with good frequency selectivity is investigated.
Introduction
Frequency selective surfaces (FSSs), which are capable of reflecting out-of-band electromagnetic waves and transmitting in-band waves, are widely used as spatial filters and subreflectors of antennas, and can be also inserted into waveguides to form waveguide filters [1, 2]. In the practical applications, FSSs are often required to transmit the desired signals while reflect the unnecessary signals, such as the multi-band FSS applied to the multi-function and multi-frequency reflectors in the NASA Cassini project [3] . Recently, many methods have been adopted to design such multi-function FSSs. Huang et al. [4] introduced a FSS, reflecting the X-band signal while transmitting the S-and Ku-band signals, to meet the RF requirements of the Cassini antenna subsystem by combining different circle ring elements. A FSS structure with two pass-bands at 9 and 11 GHz and one stop-band at 10 GHz was designed by perturbing neighbouring square loop slots etched on substrate integrated waveguide cavities [5] . Based on the genetic algorithm incorporated with a geometry-refinement technique, a multi-band FSS, transmitting the L-and S-band signals and reflecting the Ka-band signal, was proposed in [6] . However, the demand of multi-function FSSs with high performance is still far beyond the existing designs.
Complementary structure has been utilised to design dual-band FSSs in [7, 8] , providing two transmission poles separated by a transmission zero. An evolving miniaturised dual-band FSS with narrow band spacing realised by loading lumped components was proposed in [9] . Based on combining a complementary periodic structure and spatial lumped elements, a compact low-profile FSS was designed in [10] . As we know, the method of combining elements has been applied to design compact multi-band FSSs for a long time, which is simple, effective and well developed [11] [12] [13] .
The objective of this work is to design a low-profile multi-function FSS which can transmit the desired signals while reflect the unnecessary signals. This problem has been investigated tentatively by loading a resonator constituted by spatial lumped elements on a complementary structure in [10] . However, the loaded resonator only determines the low-frequency transmission pole and zero because of space limitation. The long and narrow grid lines may suffer from the limitation of machining precision, as shown in Figs. 1 and 4 of [10] . In this work, a novel FSS structure, having three transmission poles and two transmission zeros, is proposed by combining complementary square loops and meandering slots. Compared to the FSS of [10] , the proposed FSS does not suffer from the limitations of space and machining precision. Section 2 introduces the designed structure and provides its design strategy and equivalent circuit model in detail. The effects of the main geometric parameters of the proposed FSS on the transmission characteristics are also investigated. Section 3 demonstrates the measured results to verify the validity of the design. Section 4 analyses the frequency characteristics of the cascaded FSSs. Finally, Section 5 offers the conclusions.
2 Design and analysis of the proposed FSS
Geometry of the proposed FSS
The complementary square loop FSS is well known to provide two transmission poles separated by a transmission zero [8] . A slot FSS with a thin superstrate creates a transmission pole [1] . This work combines complementary square loops and slot resonators to produce multiple transmission poles and zeros. Fig. 1 shows the three-dimensional (3D) topology of the proposed combined-element FSS. The structure is composed of two metal layers separated by a thin dielectric substrate. The top metal layer consists of 2D periodic square loops. The bottom metal layer consists of 2D periodic hybrid resonators, which are constructed by square loop slot resonators and meandering slot resonators, where the meandering slots are embedded between two adjacent FSS cells. The unit cells are shown in the inset of Fig. 1 . All the design parameters are also indicated in Fig. 1 , including the square loop length (l 1 and l 2 ), loop width (w 1 and w 2 ), meandering slot width w r , substrate thickness h, periodicity P and the parameters of the meandering slot (w r , g r , l r1 and l r2 ). Table 1 . The transmission responses of the proposed combined-element FSS, complementary FSS and slot FSS are all shown in Fig. 2b for comparison. As observed, the designed FSS shows three transmission poles at 8.5, 11 and 16 GHz and two transmission zeros at 9.6 and 13.1 GHz, which is actually a simple combination of the respective frequency characteristics of the complementary FSS and slot FSS. The fact indicates that the different components of the proposed combined-element FSS can be designed independently, resulting in flexible and simple design. The first transmission pole at 8.5 GHz is introduced by the meandering slots, whereas the second transmission zero at 13.1 GHz and the two transmission poles at 11 and 16 GHz are produced by the complementary square loop structure. Of particular interest is the additional transmission zero at 9.6 GHz, which is caused by the additional hybrid resonator, which will be described in Section 2.3 in detail. It should be noted that, the designate frequencies of the transmission poles and zeros are considered just for the simplicity of the measurement in this work.
Design strategy of the design
In the previous work [10] , the multi-function FSS was presented by combining complementary square loops and spatial lumped elements. To overcome the limitations of space and machining precision mentioned above, the method of combining elements is adopted to design novel FSSs with simple structures and superior performances in this work. Two basic combined-element FSSs consisting of two metal layers separated by a thin dielectric substrate are proposed firstly. The top layers consist of square loop wires arranged periodically, as illustrated in Fig. 3a , and the bottom layer is made up of complementary square loop slots and internal or external loop slots, as shown in Figs. 3b and c.
To simplify the design task, the complementary structure with l 1 = l 2 = 5.2 mm and w 1 = w 2 = 0.6 mm, and the dielectric substrate with h = 0.5 mm and ɛ r = 2.65, are used for all designs in this work. The FSS structures are modelled and simulated using the full-wave EM software CST Microwave Studio (MWS). The simulated transmission responses of the aforementioned FSSs shown in Figs. 3b and c are plotted in Fig. 4 with circuit dimensions listed in the figure caption. As observed, the two FSSs create three transmission poles and two transmission zeros. The loaded internal loop slots of the FSS shown in Fig. 3b determine the transmission pole at 22 GHz and transmission zero at 17 GHz, whereas the loaded external slots of the FSS shown in Fig. 3c determine the transmission pole at 6 GHz and transmission zero at 9.7 GHz. A slight shift between transmission responses from 11 to 17 GHz determined by the same complementary square loops is mainly caused by different spatial couplings. Owing to the space limitation of the original complementary square loops, the sizes of the loaded slots cannot be freely adjusted, which limits the design flexibility greatly. In general, the loaded internal or external slots can only determine the high-frequency or low-frequency transmission pole and zero, respectively, as shown in Fig. 4 , which indicates that the two basic combined-element FSSs suffer from the space limitation like the FSS of [10] .
An improved combined-element FSS with the unit cells shown in Figs www.ietdl.org as shown in Fig. 5 . The two transmission zeros separating the three transmission poles from each other improve greatly the frequency selectivity. Furthermore, the improved FSS shown in Fig. 3d may be easier to be processed than the FSS of [10] because of not having long and narrow grid lines. In order to further improve the stability of the above FSS structure, meandering pattern of the loaded slots is taken into account [14, 15] . As shown in Fig. 1 , the loaded slots in the bottom layer are meandered repeatedly and designed to be symmetric for horizontal and vertical polarisations, achieving miniaturisation of the combined-element FSS. The overall length of the meandering slot is about half a guided wavelength. Meanwhile, reducing the cell dimension significantly makes the FSS more stable compared to the previous FSS. As shown in Fig. 2b , the combined-element FSS with meandering slots provides three transmission poles and two transmission zeros, which indicates that this FSS is a good candidate as a multi-function FSS. Fig. 6a shows the simplified equivalent circuit model of the designed combined-element FSS in case of normal incidence, where the complementary square loop structure is modelled as the parallel connection of the series L 1 C 1 resonator and the parallel L 2 C 2 resonator, and the loaded slot resonator is represented by the parallel L r C r resonator. The dielectric substrate supporting the structure is considered as a short transmission line whose length is l T = h, and wave impedance is Z T = Z 0 /1 1/2 r . The free space at both sides of the FSS structure is modelled as transmission lines with characteristic impedance of Z 0 = 377 Ω.
Analysis of equivalent circuit model
To further illustrate the above equivalent circuit model, the circuit-parameter configuration of the combined-element FSS cells with meandering slots is shown in Fig. 6b assuming a vertically polarised (y-polarised) incident field, where grey areas represent metal surface, white areas represent the slots. As shown in the figure, the vertical equivalent metal lines are modelled as the inductors (L 2 ′ and L r ′), while the horizontal equivalent metal lines act primarily as the plates of capacitors (C 2 ′ and C r ′), which are in parallel with the inductors, respectively [16] . Accordingly, the bottom metal layer of the combined-element FSSs can be modelled as the series connection of the L 2 C 2 resonator and L r C r resonator. The circuit characteristics of the top metal layer can be found in [8] [9] [10] 17] , and not repeated here for simplicity. In short, the proposed circuit-parameter configuration of the combined-element FSS cells verify the validity of the above equivalent circuit model.
As seen from Fig. 6a , the designed FSS should have three transmission poles and two transmission zeros. The parallel connection of L 1 C 1 resonator and L 2 C 2 resonator mainly determines two of the transmission poles, whereas the L r C r resonator determines the rest one. The two transmission zeros are determined by the L 1 C 1 resonator and the hybrid resonator (L 2 , C 2 , L r and C r ), respectively. The equivalent circuit of the complementary square loops has already been investigated in [10] . The focus here is on investigating the transmission pole and zero associated with the loaded L r C r resonator. Based on the equivalent circuit model of Fig. 6a , without considering the effect of the short transmission line, the frequencies of the transmission pole and zero associated with the L r C r resonator f r_pole and f r_zero satisfy the following formulas
(1)
As observed from (1), the values of the components L r and C r jointly determine the frequency of the transmission pole f r_pole . From (2), the additional transmission zero is the result of the combination of the L 2 C 2 resonator and L r C r resonator. Actually, the dielectric substrate also affects slightly the frequency characteristics of the FSS, which will be described in Section 2.4. The relationships between the physical and electrical parameters have been derived in [10, 18] , which are helpful to better understand the working mechanism of the combined-element FSSs. Note that because of lack of numerical investigation for the various spatial couplings, the simplified equivalent circuit model provided is only useful for qualitative analysis.
Parameter analysis
The effects of the main geometric parameters of the proposed FSS shown in Fig. 1 , including the folding length of the meandering slot l r1 , complementary loop length (l 1 , l 2 ) and loop width (w 1 , w 2 ), on the transmission responses are investigated, with other parameters fixed. As shown in Fig. 7a , the operating frequencies of the low-frequency transmission pole and zero decrease as the parameter l r1 increases, whereas the frequencies of other transmission poles and zero remain almost constant. Notably, the other geometric parameters of the meandering slot, such as w r , g r and l r2 marked in the inset of Fig. 7a , also similarly affect the low-frequency pole and zero, which are not demonstrated in this work to keep the paper reasonably concise. As observed in Figs. 7b and c, the middle transmission pole is determined mainly by the parameters l 1 and w 1 . The parameter l 1 increases or w 1 decreases, the frequency of the middle transmission pole decreases, whereas the other poles only have slight variation. Similarly, the high-frequency transmission pole is determined mainly by the parameters l 2 and w 2 . The high-frequency zero is determined jointly by the parameters l 1 , l 2 , w 1 and w 2 , in which the frequency of this zero decreases as l 1 and l 2 increase (or w 1 and w 2 decrease). Loading the meandering slot resonators has little effect on the frequency characteristics of the complementary square www.ietdl.org loop structure. Thus, the different components can be designed independently and then combined to synthesise the overall combined-element FSS. The effects of the physical parameters of the used substrate, including substrate thickness h, relative permittivity ε r and loss tangent tanδ, on the transmission characteristics of the proposed FSS are also investigated. Fig. 8a shows that the designed FSS structure has an advantage of low profile, achieving lower insertion loss using thinner substrate. The small figure in the middle of Fig. 8a is an enlarged view for better clarification. The substrate thickness has little effect on the operating frequency of the proposed FSS. However, the permittivity of the substrate has a great effect on the operating frequency, as described in [1] . Fig. 8b indicates that the larger permittivity leads to the lower operating frequency, and the larger loss tangent causes the higher insertion loss. Considering the commercial availability, a 0.5 mm thick substrate with permittivity of 2.65 and loss tangent of 0.005 is chosen, which is about 0.014λ 1 , where λ 1 is the free-space wavelength of the low-frequency transmission pole.
Experimental verification
A prototype of the designed FSS with meandering slots is fabricated and measured to demonstrate the validity of the proposed design. The proposed multi-function FSS is designed to have three transmission poles and two transmission zeros, transmitting the signals at 8.5, 11 and 16 GHz whereas reflecting the signals at 9.6 and 13.1 GHz. Fig. 9 shows the FSS prototype with 16 × 16 elements and a size of 160 × 160 mm 2 , fabricated on a 0.5 mm thick dielectric substrate with permittivity of 2.65 and loss tangent of 0.005. As shown, the simple two-layer FSS structure is easy for fabrication using the standard Printed Circuit Board (PCB) processing technology. The detailed physical and electrical parameters are listed in Table 1 . The measurement is carried out using a free-space measurement setup in a microwave anechoic chamber. Standard horn antennas connected to the Agilent-8722ES vector network analyzer are used as the transmitting and receiving antennas. Fig. 10 compares the transmission responses of the full-wave simulation, measurement and theoretical prediction by the equivalent circuit model shown in Fig. 6a . As observed, the proposed FSS has three transmission poles (8.5, 11 and 16 GHz for simulation, 9, 11.5 and 16.5 GHz for measurement) and two transmission zeros (9.6 and 13.1 GHz for simulation, 10.1 and 13.5 GHz for measurement). The shift of the measured operating frequency is less than 0.5 GHz, which can be attributed to the limited fabrication accuracy. The deviation between the measured and simulated insertion losses is because of the measurement tolerance, calibration accuracy and dielectric loss of the substrate. Based on the curve-fitting method [9] , the predicted result by the equivalent circuit model using the software ADS is in agreement with the simulated result by the full-wave EM software CST MWS, as shown in Fig. 10 , further verifying the validity of the equivalent circuit model.
The measured transmission coefficients of the FSS for various incident angles ranging from 0°to 45°for both the TE and TM polarisations are plotted in Figs. 11a and b, in which 'theta' represents the angle between the propagation vector of the incident wave and the normal to the surface. As observed, the frequency deviation over the incident angles is less than 4.1%, indicating that the FSS structure is relatively stable in cases of various incident angles within 45°and different polarisation states. The superior stability is owing to the small periodicity, extremely low profile, as well as the presence of the two sharp transmission zeros.
Analysis of cascaded FSSs
As discussed above, the proposed combined-element FSS has advantages of low profile and stable frequency performance. Nevertheless, it is necessary to further examine the frequency selectivity of the higher-order FSS. The cascading technique has been applied to design higher-order FSSs in [1, 2, 8] . In this work, two FSS samples shown in Fig. 1 are cascaded with an air spacing of 7 mm. Fig. 12 plots the simulated transmission coefficient compared with that of the single FSS. As we can see, the operating frequencies of both cases are agreeable, whereas the sharpness of the transmission curve of the cascaded case is improved evidently. Comparison result demonstrates that the cascaded FSSs provide higher frequency selectivity than the single FSS. The experimental verification will be performed in future work.
Conclusions
This work proposes a low-profile FSS with three transmission poles and two transmission zeros based on the method of combining elements, which can be used potentially as a multi-function spatial filter to transmit the desired signals Fig. 12 Comparison between the transmission coefficients of the single FSS and two cascaded FSSs www.ietdl.org while reflect the unnecessary signals. Numerical analyses are carried out, giving the design strategy of the proposed FSS, equivalent circuit model, whereas the effects of the main geometric parameters on the frequency characteristics are also investigated. A prototype of the FSS with meandering slots is fabricated and measured. The measured result indicates that the FSS structure has a stable frequency response in case of oblique incidence for both the TE and TM polarisations. Good agreement between the measured and simulated results can be observed, verifying the validity of the proposed design. Furthermore, the cascaded case of the proposed FSS is also investigated, showing high frequency selectivity.
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